The inhibitory synapse of the crayfish neuromuscular junction was used to examine mechanisms underlying the F2 component of synaptic facilitation. Because previous studies have shown accelerated transmitter release during facilitation, we examined whether an activity-dependent plasticity in I Ca could underlie this acceleration. We established that fluorescent transients generated by Magnesium Green can resolve small differences in presynaptic Ca 2ϩ influx that correlate with changes in IPSC waveform. However, there was no change in Ca 2ϩ transients associated with the accelerated release. Analyzing the initial rise of IPSC and the duration of the presynaptic spike yielded a depolarization-release coupling plot that captures the impact of spike waveform on the initial rate of release. We conclude that accelerated release during F2 facilitation cannot be attributed to plasticity of I Ca or modulation of spike waveform. Kinetic analysis showed a reduction in synaptic delay during facilitation only when broad action potentials were used. In unfacilitated release, synaptic delay increased as spike duration lengthened. We propose that small single Ca 2ϩ channel currents during the plateau phase of broad action potentials raise local Ca 2ϩ concentration only enough to fill a high-affinity site. Occupation of this site in itself, or events downstream, would convert a vesicle from control to facilitated state. If the conversion were a slow process, it could explain the changes in synaptic delay reported here. This hypothesis can also account for a number of observations related to Ca 2ϩ cooperativity and synaptic facilitation.
Synaptic facilitation is a common phenomenon observed in both central and peripheral synapses. It is a short-term synaptic enhancement that persists for up to several hundred milliseconds and may contribute to the integration of synaptic signals. Facilitation is subdivided into two distinct kinetic components, F1 and F2, with decay time constant of tens and hundreds of milliseconds, respectively (Magleby, 1987) . Although it has long been established that Ca 2ϩ influx elicited by conditioning stimuli is essential for the activation of facilitation (Katz and Miledi, 1968; Zucker, 1989) , specific underlying mechanisms have not yet been fully elucidated. Considerable insight, however, has been obtained by mathematical modeling in which one of the Ca 2ϩ binding sites of the release process is assumed to have a high affinity and underlie the facilitation process (Yamada and Zucker, 1992; Winslow et al., 1994; Bertram et al., 1996) . These models also predict a small change in release kinetics during facilitation, although the change was considered too small to be detectable. These predictions are consistent with experimental work that has uncovered no change in release kinetics during facilitation (Datyner and Gage, 1980; Parnas et al., 1989) .
The crayfish neuromuscular junction is a well established preparation for the study of synaptic facilitation, having exceptionally large magnitudes for all components of short-term synaptic enhancement (Atwood and Wojtowicz, 1986; Bittner, 1989) . A previous report using this preparation showed an acceleration in release kinetics during F2 facilitation when transmitter release was elicited by prolonged presynaptic depolarization (Vyshedskiy and Lin, 1997c) . This observation appears to be at odds with earlier studies, prompting further examination of plasticity in presynaptic I C a . Plasticity in I C a has been shown to play a role in facilitation at the calyx of Held (Borst and Sakmann, 1998; Cuttle et al., 1998) but does not appear to be the general mechanism underlying facilitation (Charlton et al., 1982) . Here, we use Ca 2ϩ -sensitive dyes to monitor the activity of presynaptic I C a during facilitation.
If accelerated release is not mediated by plasticity in I C a , it might then be attributable to changes in the release process itself. Until recently, modulation of release kinetics had been a rare observation. However, it now has been demonstrated that blocking or deleting N-ethylmaleimide-sensitive factor retards release kinetics (Schweizer et al., 1998; Kawasaki et al., 1998) and that synaptic depression at the calyx of Held is associated with decelerated release (Wu and Borst, 1999) . Moreover, serotonin can modulate release kinetics in Aplysia (Klein, 1994) and crayfish (Vyshedskiy et al., 1998) . Augmentation is associated with an increase in hypertonic shock-induced release (Stevens and Wesseling, 1999) . Finally, an increase in action potential duration can lengthen synaptic delay (Datyner and Gage, 1980; Sabatini and Regehr, 1996) . Although the mechanisms underlying such changes in release kinetics may differ, these observations suggest that the secretion process could be an important site for modulating synaptic strength. Here, we use synaptic delay to probe changes in release kinetics during facilitation.
MATERIALS AND METHODS
Preparation and electrophysiolog y. Crayfish, Procambarus clark ii, were obtained from C arolina Biological (Burlington, NC). Animals were maintained at room temperature, 23°C, until use. All experiments using action potential-based protocols were performed at 23°C. E xperiments using the presynaptic voltage control method were performed at 15°C. The typical size of the animals was ϳ6 cm, head to tail. The opener muscle of the first walking leg was used for all experiments. A presynaptic electrode penetrated the major branch point of the inhibitory axon (inhibitor) to record action potential and inject dye. The major branch point was ϳ100 -300 m from the terminals on a central muscle at which fluorescence transients were measured. A suction electrode was used to stimulate the inhibitor. T wo postsynaptic electrodes, 5 M⍀ with 3 M KC l, penetrated a muscle fiber. A two-electrode voltage-clamp amplifier (GeneC lamp 500; Axon Instruments, Foster C ity, CA) was used to record I PSC and filtered at 2 kHz. We monitored chloride equilibrium potential (E C l ) during experiments to control for possible long-term changes in I PSC attributable to drifting E C l (Vyshedskiy and Lin, 1997a) .
When the presynaptic voltage control was performed, the current elec-trode was inserted at the primary branch point of the inhibitor, and the voltage electrode was inserted at a point at which a tertiary branch emerged from a secondary branch. This configuration allowed for optimal control of presynaptic potential in varicosities near the voltage electrode (Vyshedskiy and Lin, 1997a) . Limited space under the water immersion lens allowed us to use only three microelectrodes simultaneously. A single electrode was used to record I PSP from a central muscle fiber. Control saline contained (in mM): 195 NaC l, 5.4 KC l, 13.5 C aC l 2 , 2.6 MgC l 2 , and 10 H EPES, titrated to pH 7.4 by NaOH. When tetraethylammonium (TEA) chloride was introduced into the control saline, an equal amount of NaC l was removed. All chemicals were purchased from Sigma (St. L ouis, MO). Morphological examination of the terminal branches that innervated the recorded muscle fiber was performed after each experiment, by sketching or photography (Vyshedskiy and Lin, 1997a) .
Photometric measurement of calcium transients. The inhibitory axon was penetrated at the major branch point by an electrode containing 1.25-5 mM membrane-impermeable Magnesium Green, K ϩ salt, dissolved in 400 mM KC l and 20 mM K-H EPES, pH 7.4, with a final resistance of 20 -50 M⍀ [see Vyshedskiy and Lin (2000) for reasons for selecting Magnesium Green over other C a 2ϩ indicators]. The dye was injected by a hyperpolarizing current of 2-8 nA, until varicosities close to the injection site were clearly visible. E xperiments commenced after the fluorescence level had stabilized, ϳ30 min after dye injection was completed. It is not possible to accurately estimate the concentration of injected dye. However, a previous study has established that the injection protocol did not interfere with intrinsic C a 2ϩ buffering or transmitter release (Vyshedskiy and Lin, 2000) . Photometric measurement of C a 2ϩ transients in this preparation has been described previously (Vyshedskiy and Lin, 2000) . Briefly, a photomultiplier tube (HC124 -06; Hamamatsu, Bridgewater, NJ) was used to record fluorescence transients on an upright microscope (Axioskop; Z eiss, Oberkochen, Germany) with 40 or 60ϫ water immersion lenses. A 100 W tungsten lamp was powered by a stabilized power supply (ATE 15-15DM; Kepco, Flushing, N Y). I llumination was gated by a shutter (Uniblitz; Vinsent Associates) with a typical duration of 600 msec and repeated at 0.2 Hz. The specifications of the filter set were as follows: excitation, 485DF15; dichroic, 505DRL P; emission, 530DF30 (Omega Optical, Brattleboro, V T). The area of illumination was restricted by an iris diaphragm custommilled to allow an opening of 20ϳ50 m in diameter, which typically encompassed one to five varicosities on the upper surface of a central muscle fiber. The output of the photomultiplier tube was filtered with an eight-pole Bessel filter (902L PP; Frequency Devices, Haverhill, M A) at f c of 1 kHz and digitized at 10 kHz. Fluorescence transients are presented as ⌬F/F ϭ (F(t) Ϫ F rest )/F rest * 100%, where F rest represents the fluorescence intensity of stained varicosities in the absence of activity. T ypically, background fluorescence levels in an unstained region were Ͻ10% of F rest and were therefore not corrected for.
RESULTS

Calcium transients during F2 facilitation investigated by presynaptic voltage control protocols
Changes in the kinetics of transmitter release during F2 facilitation are best illustrated with the presynaptic voltage-control technique. F2 facilitation was activated by a series of eight identical conditioning pulses, 5 msec in duration at 20 Hz ( Fig. 1 A, inset) . The amplitude of conditioning pulses was set to just below the threshold level that activated a detectable IPSP. Facilitation was monitored by a 20 msec step, depolarized to 0 mV, delivered 150 msec after the last of the conditioning pulses. This protocol activated a nearmaximal level of F2 facilitation but completely avoided possible complications associated with transmitter depletion (Vyshedskiy and Lin, 1997b) . Facilitated IPSP (Fig. 1 A, solid line) shifts to the left of control IPSP (Fig. 1 A, dotted line) and suggests accelerated release kinetics (Vyshedskiy and Lin, 1997c) . The acceleration is not likely to be attributable to changes in the characteristics of presynaptic voltage control or plasticity of presynaptic I C a because both presynaptic test steps (Fig. 1C) and Ca 2ϩ transients (Fig. 1 B) remain unchanged before (dotted line) and during (solid line) facilitation. Results similar to those shown in Figure 1 were obtained in four additional preparations. However, it remains possible that our photometric measurement is not sensitive enough to detect small changes in I C a , which could modulate release kinetics.
Acceleration in release kinetics during F2 facilitation investigated by action potential-based protocols
To generalize the observations shown above and to take into account the sensitivity of our photometric measurement, action potential-based protocols were used to investigate the kinetics of release during facilitation. Because the accelerated release kinetics are best uncovered by prolonged presynaptic depolarization, a paired-pulse protocol was performed in the presence of 1 mM 4-AP and 20 mM TEA. Figure 2 illustrates presynaptic spikes (A 3 ), Ca 2ϩ transients (A 2 ), and IPSCs (A 1 ) activated by a paired stimulation with an interpulse interval of 100 msec. Superimposition of the first and second spikes shows that the duration of the second action potential ( Fig. 2 B 3 , solid line) is significantly shorter than that of the first one ( Fig. 2 B 3 , dotted line). A corresponding difference in Ca 2ϩ transients ( Fig. 2 B 2 , solid and dotted lines) is also observed. Interestingly, facilitated IPSC ( Fig. 2 B 1 , solid line) exhibits not only a greater amplitude but also an earlier rising phase than the control IPSC ( Fig. 2 B 1 , dotted line). The reduced duration of the second action potential, however, prevents us from directly comparing the kinetics of the release process. (Shorter duration of the second spike was a consistent finding in all preparations, Ͼ100. The underlying mechanism of this finding remains unexplored.)
The sensitivity of our photometric measurements was evaluated empirically. We analyzed the time course of Ca 2ϩ transients activated by action potentials with different durations. As the shape of the action potentials varies, the time course of Ca 2ϩ influx should change as well. Therefore, if the photometric measurement is sensitive enough, the shapes of Ca 2ϩ transients and action potentials should correlate in a predictable manner. In addition, the shape of IPSC, which is dictated by the time course of Ca 2ϩ influx, can provide an independent verification for detected changes in 
Ca
2ϩ transients. Figure 3 illustrates how this objective was accomplished. A reference action potential, recorded in 10 mM TEA (Fig.  3C , broken line), exhibits a more rapid initial repolarization than both the first (dotted line) and second (solid line) of the paired action potentials recorded in 20 mM TEA. The corresponding Ca 2ϩ transients show that the reference action potential elicits a faster rising Ca 2ϩ influx (Fig. 3B , broken line) than those activated by the paired stimuli (Fig. 3B, dotted and solid lines) , presumably because of a larger Ca 2ϩ driving force associated with the rapid repolarization. The difference in the rising phase of the Ca 2ϩ transients is also reflected in the rising phases of their corresponding IPSCs (Fig. 3A, broken and dotted lines) . Specifically, the reference IPSC takes off faster than the control IPSC, although the latter "crosses" the former later and exhibits a higher amplitude. Thus, our photometric measurement can detect small changes in Ca 2ϩ influx that result in the crossing between the reference and control IPSCs. The difference in rising phase between facilitated and control IPSCs is much larger than that between reference and control IPSCs. Consequently, if the accelerated time course of facilitated IPSC is attributable to a faster activation of presynaptic Ca 2ϩ influx, the Ca 2ϩ transients should be capable of reflecting this change. Results similar to those shown in Figure 3 were observed in four of five preparations analyzed. Therefore, it is reasonable to conclude that accelerated transmitter release during F2 facilitation is unlikely to be attributable to an accelerated Ca 2ϩ
influx.
An alternative and more quantitative approach, which circumvents the complications arising from changing spike duration, is to analyze the IPSC time course before the first and second action potentials significantly diverge. To implement this analysis, one needs to establish a quantitative description of the relationship between the IPSC time course and the shape of action potentials in control, unfacilitated responses. Figure 4 A 3 illustrates a family of action potentials recorded as K ϩ channel block progressed with increasing TEA concentration. The corresponding IPSCs are shown in Figure 4 A 1 . The broadest spike (dotted line) activates an IPSC with the slowest rising phase, although its peak amplitude is larger than that of all other IPSCs (Fig. 4 A 1 , dotted line) . Ca 2ϩ transients follow a similar trend (Fig. 4 A 2 ) . The slow initial rise of the IPSC associated with the broadest spike can be attributed to a small initial Ca 2ϩ influx because of a small driving force. We constructed a "depolarization-release" (D-R) coupling relationship by plotting IPSC integral (͐IPSC) against membrane potential at the falling phase of presynaptic spike. Specifically, presynaptic membrane potential was measured 1.5 msec after the peak of an action potential (Fig. 4 A 3 , arrow) . IPSC was integrated between 1.5 and 2.5 msec after the peak of the presynaptic spike (Fig. 4 A 1 , double arrows). [The reason for using IPSC integral, rather than amplitude at a single time point, is to better incorporate differences in their initial trajectories. The choice of the integration time window is based on knowledge of synaptic delay at the crayfish neuromuscular junctions (Augustine et al., 1985; Vyshedskiy and Lin, 1997a) .] Data measured from traces in Figure 4 A, after ͐IP-SCs are normalized, are plotted in Figure 4 B (open circles) (see figure legends for details of data normalization). The data points are distributed along a bell-shaped curve, similar to the depolarization-release coupling plots obtained in other preparations (Katz and Miledi, 1967; Llinás et al., 1981; Lin and Llinás, 1993) . Results measured from three additional preparations are also shown by different symbols. The bell-shaped distribution defines the range of ͐IPSC, which can be modulated by varying action potential time course. When the same measurements are made for the second spike and facilitated IPSC applied to the broadest action potentials, the data points cluster around an area well above the bell-shaped curve (Fig. 4 B, filled symbols) (note that the y-axis is on a logarithmic scale). Because the difference in amplitude between the first and second spikes is Ͻ1 mV, 1.5 msec after the peak of the action potential (Fig. 3C, arrow) , the bell-shaped curve dictates that this small difference would not be able to generate a change in Ca 2ϩ influx that is large enough to account for the increase in facilitated IPSC. Therefore, changes in action potential waveform observed with the paired-pulse protocol is not likely to contribute to the accelerated release during facilitation. Measurements obtained from two additional preparations in which only facilitation associated with the broadest spike were analyzed are also shown ( filled diamonds, plus signs).
In addition, traces in Figure 4 A 1 suggest a gradual increase in synaptic delay as the duration of action potential increases. Because this change will be interpreted below in the context of accelerated release during F2 facilitation, a quantitative analysis is provided here. An ideal definition of synaptic delay would require a latency histogram of quantal events (Katz and Miledi, 1965; Barrett and Stevens, 1972; Parnas et al., 1989) . However, it is not possible to observe unitary IPSCs because of the small chloride driving force. Instead, we choose to define synaptic delay as the time interval between the peak of presynaptic spike and the point at which an IPSC crosses a threshold set to 5 SDs, of the background noise level, beyond baseline. When synaptic delay is plotted against the duration of the spike at 0 mV, the two parameters are closely correlated (correlation coefficient, 0.85; p Ͻ 0.001) (Fig. 4C) .
A decrease in synaptic delay during F2 facilitation
Assuming facilitated transmitter release is mediated by processes downstream of Ca 2ϩ influx, what are the characteristics of the facilitated release? To address this question, we examined the synaptic delay of facilitated IPSCs. Figure 5A shows control (top dotted line) and facilitated (top solid line) IPSCs with their corresponding presynaptic spikes (bottom traces) recorded in 20 ( A), 4 ( B) and 1 mM TEA. [To compare the changes in synaptic delay measured in different levels of K ϩ channel block, it was necessary to ensure that the magnitude of facilitation remained constant. This goal was accomplished by adjusting the number of conditioning action potentials such that the peaks of the fluorescence transients, and therefore the Ca 2ϩ concentration, activated by conditioning stimuli remained relatively constant (see figure legend) Lin, 1997b, 2000) .] The synaptic delay of facilitated IPSC, measured at the 5 SD level, is shorter than that of control IPSC by 0.34 msec (Fig. 5A,  inset) . (Horizontal lines in Fig. 5 , insets, represent the 5 SD levels as defined in Fig. 4C .) Such a reduction in synaptic delay, however, is only apparent with broad action potentials. The change is significantly smaller in lower levels of K ϩ channel block (Fig. 5 B, C,  inset) . A systematic change in synaptic delay is apparent when the difference in the synaptic delays of control and facilitated IPSCs (⌬delay) is plotted against the duration of control spikes measured at 0 mV (Fig. 6) . (Data measured from traces in Fig. 5 are shown as open crosses.) Results measured from 11 additional preparations are also shown as different open symbols. The correlation between ⌬delay and the duration of action potential is statistically significant (correlation coefficient, 0.83; p Ͻ 0.001). This plot, however, is not ideal in that the 5 SD criterion overestimates the difference in synaptic delay for narrow spikes. For example, in some preparations, IPSCs recorded in control saline were so small that they peaked at approximately the 5 SD level.
An alternative, and more traditional, method for comparing synaptic delay between control and facilitated IPSCs is to scale control IPSCs to the same height as facilitated ones. This criterion, however, cannot be applied to broad action potentials in which the test spike is significantly narrower than the control one. Therefore, we divide our data into two groups. In the first group, which contains those involving narrow spikes, we scaled the peak amplitude of control IPSC to the same height as facilitated IPSC and then compared changes in minimal delay (Fig. 5C, broken line) . This approach is justified because action potentials included in this group typically had not diverged when IPSCs peaked (Fig. 5C,  arrow) . Similar to previous studies (Datyner and Gage, 1980; Parnas et al., 1989) , the synaptic delay of facilitated IPSC did not change (Fig. 5C, inset, solid line) . In the second group, which contained broad action potentials, we search for a point in the presynaptic spike at which the difference between the control and test action potentials was 2 mV (Ϯ0.1 mV) (Fig. 5 A, B, arrows) . IPSCs measured 1 msec after this point (Fig. 5 A, B , dotted vertical lines) were scaled to the same height for latency comparison (Fig.  5 A, B, insets, broken lines) . The difference in synaptic delay, for both groups, was then measured at the 5 SD level of the unscaled identifies the point at which presynaptic membrane potential was measured, 1.5 msec after the peak (V pre ). Each trace represents the average of 100 trials. B, A depolarizationrelease coupling plot obtained by plotting ͐IPSC against V pre . Results measured from the preparation shown in A are in open circles. Three additional preparations are also shown using different symbols. ͐IPSCs calculated in each preparation were normalized by scaling their averaged values to 1. Facilitated ͐IPSCs, shown as filled symbols, were then scaled according to their corresponding control ՆIPSCs. Two of the preparations ( filled diamonds, plus signs) only include data obtained with the broadest action potentials. In these cases, their control ͐IPSCs were scaled to fall on the smooth curve, which is drawn by hand. C, A systematic increase in synaptic delay as the duration of presynaptic action potential increases. Action potential duration was measured at 0 mV (see Results for the measurement of synaptic delay). Results obtained from different preparations are shown using different symbols. Action potential duration ranging from 2 to 3.5 msec is not available because action potentials broaden in a large step as Ca 2ϩ spikes appear.
IPSC. Data measured this way are shown as filled symbols in Figure  6 in which ⌬delay drops down to nearly zero for narrow action potentials. The trend of increasing ⌬delay as action potential duration lengthens remains statistically significant (correlation coefficient, 0.68; p Ͻ 0.01). (Variations in the criteria for scaling did not change the statistical significance of the correlation. For example, scaling IPSCs at the time point at which the difference between control and test spikes was 2 mV, instead of introducing a 1 msec delay, yielded a similar result.) Therefore, expression of the F2 component of synaptic facilitation shifts from an increase in amplitude to a reduction in synaptic delay as the duration of presynaptic spike increases.
DISCUSSION
Historically, the F2 component of synaptic facilitation has been studied by action potential-based protocols performed in control or low Ca 2ϩ saline (Magleby, 1987; Bittner, 1989) . The main characteristic of this component is its decay time constant, ϳ300 -500 msec. Because the facilitation shown here exhibits a similar decay time constant (Vyshedskiy and Lin, 1997c) , we assume it is F2 facilitation. The use of presynaptic voltage steps or broad spikes to investigate facilitation appears to be a significant departure from action potential-based protocols used traditionally. However, these approaches create two unique conditions that provide insights not possible with regular spikes. Specifically, we can analyze facilitation over a prolonged period of Ca 2ϩ influx with small Ca 2ϩ channel currents compared with the large single-channel currents in the form of brief impulses typically associated with narrow spikes.
Here, we have demonstrated that the accelerated release during F2 facilitation cannot be attributed to plasticity in I C a or to changes in Ca 2ϩ influx dictated by spike waveforms. Measurements of synaptic delay showed that this parameter decreased during facilitation but increased as spike duration lengthened. A hypothesis is proposed to explain these changes.
The role of presynaptic Ca 2؉ influx during facilitation
We have used fluorescent transients to examine possible roles of presynaptic I C a in F2 facilitation. The underlying assumption of this approach is that the time course of Ca 2ϩ transients closely reflects that of Ca 2ϩ influx (Sinha et al., 1997; Sabatini and Regehr, 1998) . Using the presynaptic voltage-control protocol, we showed that facilitated IPSP exhibits a significantly earlier rising phase, whereas the Ca 2ϩ transient recorded simultaneously remains unchanged. In addition, we empirically calibrated the sensitivity of fluorescence measurements in individual preparations by correlating them with IPSCs. We found that the initial rate of rise of IPSC activated by broad spikes was slower than that of IPSC activated by narrow reference spikes. This difference in IPSC rising phase was matched by their corresponding Ca 2ϩ transients. This match empirically defines the sensitivity of photometric measurements and provides the basis for our conclusion that accelerated IPSC cannot be attributed to facilitated I C a .
With our empirically defined sensitivity, it remained possible that small changes in the waveform of Ca 2ϩ influx might have escaped detection. However, analysis of the D-R coupling relationship also suggested that the dramatic acceleration in facilitated release could not be attributed to changes in I C a . Specifically, the bell-shaped D-R coupling curve defines the range of ͐IPSCs that can be modulated by changes in Ca 2ϩ influx associated with varying spike duration. Because facilitated ͐IPSCs lie approximately one order of magnitude above the control D-R coupling curve, variations in spike duration would not be able to create large There is a significant increase in the difference between the synaptic delays of control and facilitated IPSCs as the duration of action potential is increased. This trend is consistent regardless of whether the control IPSC is scaled or not. To examine changes in synaptic delay under comparable levels of synaptic facilitation as the duration of action potentials varied, 1 ( A), 7 (B), and 13 ( C) conditioning action potentials were elicited to activate a relatively constant peak amplitude of fluorescence transients, 15, 22, and 18% respectively. The broad second peak of the control action potential in B was attributable to the average of jittering second spikes. Traces in all panels represent the average of 120 trials. enough increases in Ca 2ϩ influx to account for the facilitated ͐IPSCs.
Changes in the kinetics of transmitter release during F2 facilitation
Having concluded that F2 facilitation cannot be attributed to plasticity in I C a or variations in spike waveform, a logical next step was to determine which aspect of the release process downstream of Ca 2ϩ influx was involved. Because of the different widths of control and test spikes in 20 mM TEA, it was impossible to investigate release kinetics over the entire duration of IPSC. Therefore, we focused on the earliest events of the release process, synaptic delay. We observed an increase in synaptic delay as the action potential duration lengthened. Such an increase has been shown in other preparations (Datyner and Gage, 1980; Sabatini and Regehr, 1996) , although the underlying cause was not addressed. The time window relevant to synaptic delay should be the brief period after the peak of an action potential. Within this period, prolonging spike duration should increase the number of open channels and channel open time but decrease single-channel current. Assuming the first two factors are not the cause of the prolonged delay, the role of single-channel current in synaptic delay must be considered. Modeling studies suggest that Ca 2ϩ concentration around channel mouths, Ͻ50 nm, reaches a plateau within a few hundred microseconds after channel opening (Yamada and Zucker, 1992; Roberts, 1994; Bertram et al., 1996; Wu et al., 1996; Klingauf and Neher, 1997) . Changes in single-channel current dictate local Ca 2ϩ concentration but have little effect on the time required to reach the plateau (Roberts, 1994; Bertram et al., 1996) . Therefore, it is unlikely that the prolonged synaptic delay associated with broad spikes reflects an increase in the time required for local Ca 2ϩ to plateau. We propose that the low Ca 2ϩ concentration associated with a small single-channel current is insufficient to trigger immediate release of a vesicle in its control state but can do so if the vesicle is in a facilitated state (Vyshedskiy et al., 1998; Stevens and Wesseling, 1999) . Specifically, the low local Ca 2ϩ concentration would fill only a high-affinity site, which in turn would convert a vesicle from control to facilitated state. Facilitated vesicles would subsequently release in the presence of a low concentration of Ca 2ϩ . The prolonged synaptic delay of unfacilitated IPSC observed with broad spikes would be attributable to the conversion process, which is assumed to be slow. A decrease in the synaptic delay of facilitated IPSCs would then be expected if the conversion had already occurred. The capacity of a low Ca 2ϩ level to mediate facilitated release is consistent with a previous observation that small presynaptic pulses that failed to activate detectable release under control conditions could trigger facilitated release (Vyshedskiy and Lin, 1997b) . Therefore, we further propose that binding of the high-affinity site could increase the affinity of the remaining Ca 2ϩ binding sites in a way similar to the interaction among oxygen binding sites of hemoglobin molecules. Finally, the slow conversion process provides a possible explanation for the peculiar observation that the peak of F2 facilitation exhibits a detectable delay, rather than occurring immediately after conditioning stimuli (Mallart and Martin, 1967; Bittner, 1989; Regehr et al., 1994 ) (A. Vyshedskiy and J.-W. Lin, unpublished observations) .
If this hypothesis is correct, how could one explain the facilitation observed with narrow spikes in which there is an increase in amplitude but not synaptic delay of postsynaptic responses (Datyner and Gage, 1980; Parnas et al., 1989) (Fig. 5) ? Potentially, a large singlechannel current, associated with the rapid repolarization of a narrow spike, could increase local Ca 2ϩ concentration sufficiently to trigger release from vesicles in the control state with minimal delay. The extra release during facilitation would come from brief singlechannel openings, which would raise local Ca 2ϩ concentration high enough to trigger release only from facilitated and not from control vesicles. Under these conditions, one would not expect a detectable change in synaptic delay.
Currently, the most parsimonious interpretation of the conversion process is to assume that occupation of the high-affinity site increases the affinity of the remaining Ca 2ϩ binding sites involved in vesicular secretion. Furthermore, the high-affinity site would contribute to the Ca 2ϩ cooperativity of transmitter release defined experimentally. This interpretation is consistent with findings obtained from the squid giant synapse (Llinás et al., 1981; Augustine et al., 1985; Augustine and Charlton, 1986) in which it is possible to correlate I C a and transmitter release at a high time resolution. It was shown that EPSC onsets were delayed when large presynaptic steps were applied or when external Ca 2ϩ concentration was decreased [see also results from the calyx of Held (Wu and Borst, 1999) ]. However, the Ca 2ϩ cooperativity of transmitter release remained remarkably constant under those manipulations of Ca 2ϩ influx. These observations are consistent with each other if we accept the notions that (1) delayed EPSC is attributable to the slow conversion process and (2) the high-affinity site contributes to the Ca 2ϩ cooperativity measured experimentally. A corollary of this reasoning is that facilitated release should exhibit reduced calcium cooperativity when the high-affinity site is occupied. This was indeed observed in previous studies (Carlson and Jacklet, 1986; Stanley, 1986; Wright et al., 1996; Vyshedskiy and Lin, 1997b) .
In conclusion, we propose that small single Ca 2ϩ channel currents raise local Ca 2ϩ concentration high enough to fill the highaffinity site, but not the low-affinity sites, involved in the secretion process. Binding of the high-affinity site would then increase the affinity of low-affinity sites. The prolonged synaptic delay observed with broad spikes could be attributable to a slow on rate of the high-affinity site or a slow transition in the affinity of low-affinity sites. Synaptic delay would be shortened during facilitation because the slow step would already have occurred. Furthermore, enhanced transmitter release during facilitation would be attributable to an overall increase in the Ca 2ϩ binding affinity of the release machinery. Mathematical simulation should enable estimation of the slow on rate of the high-affinity site from the prolonged synaptic delay. The off rate calculated from this estimate should theoretically correspond to the decay time constant of facilitation. However, it may be necessary to introduce a separate slow step, such as the conversion of Ca 2ϩ binding affinity, to fully account for the kinetics of F2 facilitation.
